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Water vapour is a key variable in atmospheric processes and plays a crucial role in atmospheric motions on a
wide range of scales in space and time. The water vapour content is approximately proportional to the zenith wet
delay (ZWD) which, in turn, constitutes a crucial parameter in geodetic microwave space techniques (VLBI and
GPS). Apart from being determined by measurement techniques, the ZWD can also be derived from numerical
weather prediction (NWP) models such as the non-hydrostatic MM5 model and the hydrostatic HIRLAM model.
At the station Robledo de Chavela (Madrid) ZWD values were derived from VLBI, GPS, MM5, and HIRLAM
for the beginning of December 1996. The results of the different techniques agree to the sub-centimetre level with
correlation values of 0.87 (GPS vs. MM5), 0.81 (GPS vs. HIRLAM), and 0.84 (MM5 vs. HIRLAM). The correlation
VLBI vs. MM5 of 0.78 is based on a short VLBI time series and should be considered preliminary. Further studies
with longer time series are necessary to confirm this value. The bias and RMS difference values are all contained in
the margin provided by the internal errors.
1. Introduction
In geodetic space techniques such as the Global Position-
ing System (GPS) and Very Long Baseline Interferometry
(VLBI) the retardation of the microwave signal caused by
the presence of water vapour in the atmosphere (troposphere)
constitutes a nuisance parameter which is to be removed in
order to get a precise location (Tregoning et al., 1998). Thus,
the tropospheric delay is usually included in the functional
model in form of zenith delay and horizontal delay gradient
parameters. Apart from this, it is possible to inject delay
and horizontal delay gradient information—that was derived
from independent sources—into the GPS or VLBI functional
model in order to improve its performance.
Tropospheric delays can also be retrieved from numerical
weather prediction (NWP) models. Such models (e.g. MM5
and HIRLAM) are run operationally at national or interna-
tional weather services and make use of physical models
(governing equations), initial atmospheric conditions, and
observations (e.g. radiosonde profiles, ground meteorologi-
cal data) for predicting variables such as temperature, pres-
sure, and humidity.
The inter-comparison of zenith wet delays (ZWDs) resp.
precipitable water (PW) derived from different techniques
and models provides basic information on the inherent error
budget. In previous studies sets of pairs of the aforemen-
tioned methods have been analysed with some recent exam-
ples being: GPS vs. VLBI (Behrend et al., 1999; Haas et
al., 1999), GPS vs. HIRLAM (Yang et al., 1999; Cucurull et
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al., 2000), and GPS vs. MM5 (Cucurull and Vandenberghe,
1999). To date a comparison VLBI vs. NWP as well as an
inter-comparison of all three techniques (VLBI, GPS, and
NWP models) is not documented in the literature. Thus, we
present an investigation of the temporal behaviour of ZWD
for a specific site (Robledo de Chavela, Madrid) using all
three techniques and including preliminary results of a com-
parison between VLBI and MM5.
2. Data Description and Analysis
2.1 GPS data
In December 1996 (Dec. 3–15) GPS data in a network of
5 stations were acquired in the Madrid Sierra, Spain, em-
ploying Trimble 4000SSE GPS receivers at a sampling rate
of 30 s (e.g. Elo´segui et al., 1998). The undifferenced dual-
frequency carrier-phase and pseudo-range measurements
were analysed using the GIPSY (GPS Inferred Position-
ing SYstem) software package (Webb and Zumberge, 1993).
The precise point positioning strategy (Zumberge et al.,
1997) yielded estimates of ZWD at the GPS sites with a
precision of 5 mm (Elo´segui et al., 1998).
The necessary estimates of the satellite clock corrections
and orbits as well as consistent earth-rotation parameters
were provided by the IGS (International GPS Service for
Geodynamics) and JPL (Jet PropulsionLaboratory). The tro-
pospheric delay wasmodelled as a randomwalk (σ 2 = d2 · t)
with a drift rate of d = 2.5 mm/√h. The drift rate for the
gradient parameters was 0.3 mm/
√
h. We used a cut-off el-
evation angle of 7◦ and an estimation interval of 30 min. For
comparison purposes later on, an additional data set was cre-
ated by averaging the 30 min time series to 3 hour values. In
this study we merely utilize the data for the station Robledo
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de Chavela, as it is collocated to a VLBI station.
2.2 VLBI data
On December 6, 1996, the European geodetic VLBI ex-
periment EUROPE 6/96 was performed at the Madrid Deep
Space Communications Complex (MDSCC) using the
DSS65 34 m antenna. The nominal observation time of a
EUROPE experiment is 24 hours. Unfortunately, Madrid
was scheduled only for the second half of this specific exper-
iment due to other commitments leaving an actual observa-
tion period of 12 hours. This period was further reduced to
9.5 hours due to bad data at the beginning of the experiment.
Thus, EUROPE 6/96 can be considered an uncommon ex-
periment with an unusually short time series. But as there are
no other geodetic VLBI sessions at Madrid in the first two
weeks of December 1996, it constitutes the only information
source available. However, the data are still useful to derive
indicative if not significant results.
The VLBI data were analysed using the SOLVE software
(Ma et al., 1990). The positions of the radio sources and
the station coordinates have been taken from a recent global
VLBI solution. Clock parameters were estimated hourly
with respect to a reference clock of the European VLBI net-
work. ZWDs as well as horizontal delay gradients were de-
termined using the piecewise linear constrained approach.
The estimation interval was chosen to 30 min for wet delays
and 3 hours for gradients. For the upper bound constraints
15 mm/
√
h for the wet delays and 0.82 mm/
√
h for the gra-
dients were taken. The precision (standard deviation) of the
ZWD values is in the range of 15 to 20 ps which translates
to 4 . . . 8 mm in terms of length units.
2.3 MM5 data
For the same region and time as the GPS campaign a
numerical simulation using the non-hydrostatic Mesoscale
Model (MM5) was performed. We set up three (2-way
nested) domains with a resolution ranging from 45 km down
to 5 km. Gridded precipitable water (PW) values were sim-
ulated in the finest domain. The grid values were calculated
by integrating the specific humidity in the vertical, in this
case over 23 vertical layers. In order to estimate point values
for the VLBI and GPS sites (in the horizontal) the grid values
were bilinearly interpolated from the four closest grid points.
The individual PW values were averaged over 30 min inter-
vals to obtain values that are coherently comparable with the
GPS and VLBI results. The precision of the PW is about
2 mm (Cucurull and Vandenberghe, 1999). As was done
with the GPS data, the 30 min time series was averaged to 3
hour values. Finally, the PW were converted to ZWD values
using the relationship PW =  ·ZWD (e.g. Tregoning et al.,
1998) where the dimensionless conversion factor was chosen
to  ≈ 0.15 (Emardson and Derks, 1999).
2.4 HIRLAM data
TheHIRLAM (HIgh Resolution Limited AreaModelling)
short-range NWP model is a complete analysis and forecast
system over a limited area. It is the operational model at
the SpanishWeather Service (INM) and is routinely run with
two horizontal resolutions, 0.5◦ × 0.5◦ and 0.2◦ × 0.2◦, and
31 vertical levels. The forecast model is hydrostatic with
Eulerian grid-point numbers and provides time series of 3
hours. The accuracy of HIRLAM’s predictions of pressure
fields is better than 1.5 hPa, and of the order of 15 mm for
ZWD (Cucurull et al., 2000).
For obtaining ZWDs two different approaches were fol-
lowed: (1) calculation of PW by integrating the specific hu-
midity in the vertical followed by the conversion of the PW
to ZWD like in the MM5 case; (2) generation of refractivity
profiles from HIRLAM’s temperature, pressure, and humid-
ity profiles followed by integration of the refractivity along
the zenith direction yielding directly ZWD. The difference
between the two procedures is negligible (less than 0.5 mm
in PW) which may be considered a verification of the cho-
sen conversion factor . To estimate point values for the
VLBI and GPS sites again bilinear interpolation from the
four closest grid points was used. A thorough description of
the HIRLAM analysis is given in Cucurull et al. (2000).
3. Comparison and Results
From the description of the data analysis in Section 2 the
precision of the four techniques can be compiled (cf. Table 1).
The measurement techniques provide ZWDs two to three
times higher in precision than the retrievals from the NWP
models. For improving the models in a data assimilation
context the PW values should have accuracies of 2 mm or
better (Cucurull et al., 2000).
Table 1. Precision of ZWD and PWderived from geodetic space techniques
(GPS, VLBI) and NWP models (MM5, HIRLAM).
Method ZWD PW
GPS ∼ 5 mm ∼ 1 mm
VLBI ∼ 4 . . . 8 mm ∼ 1 . . . 2 mm
MM5 ∼ 15 mm ∼ 2 mm
HIRLAM ∼ 15 mm ∼ 2 mm
Fig. 1. Time series of ZWD values (MM5, HIRLAM, GPS) at Robledo
de Chavela. MM5 and HIRLAM are offset by 150 mm resp. 75 mm for
mapping purposes. Inlay: ZWDs derived from VLBI, GPS, and MM5
for the length of the VLBI experiment.
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Table 2. Comparison of GPS, VLBI, MM5, and HIRLAM derived ZWD values. Unit of bias and RMS difference: mm.
Meth. 1 Meth. 2 #points Resolution Correlation Bias RMS diff.
GPS MM5 564 30 min 0.874 2.23 14.09
GPS MM5 95 3 h 0.864 2.38 14.48
GPS MM5 19 30 min 0.550 −5.31 4.23
GPS HIRLAM 95 3 h 0.812 −9.97 14.40
VLBI MM5 19 30 min 0.781 −7.52 5.20
VLBI GPS 19 30 min 0.654 −2.21 6.10
MM5 HIRLAM 95 3 h 0.835 −12.35 16.51
Fig. 2. Scatter plot for Robledo using GPS and MM5 derived ZWD values.
Dec. 3–15, 1996. 30 min sampling.
Figure 1 shows the time series of the ZWD values for the
station Robledo de Chavela for the period Dec. 3–15, 1996.
The variation of the ZWD between 30 mm and 160 mm can
mainly be attributed to the passage of two frontal systems
(Dec. 4–5 and 12–14). These winter frontal systems are
identifiable by initial increases in the atmospheric moisture
followed by decreases after the passage of the front. The
agreement between the independent ZWD profiles is reason-
ably well and shall be quantified by computation of corre-
lation as well as bias and RMS difference values between
sets of pairs of the involved techniques (correlation analy-
sis). The rapid increase on day 5 could be associated with
fluctuations in the water vapour fields due to the passage of
the first front.
The results of the correlation analysis are summarized in
Table 2 and are depicted exemplarily in the scatter plots of
Figs. 2 to 4. The GPS vs. MM5 comparison was done with
two time resolutions (30 min and 3 h) and two lengths for the
time series (2weeks and 9.5 h). Lowering the time resolution
from 30 min to 3 h has no significant effect, as correlation,
bias, and RMS difference stay almost the same. In contrast
to this, the confinement of the time span to the length of
the VLBI experiment (9.5 h) causes a decrease of the RMS
difference value (as was to be expected due to the lesser num-
Fig. 3. Scatter plot for Robledo usingVLBI andMM5 derived ZWDvalues.
Dec. 6, 1996 (9.5 h). 30 min sampling.
Fig. 4. Scatter plot for Robledo using GPS and HIRLAM derived ZWD
values. Dec. 3–15, 1996. 3 h sampling.
ber of input values), a reduction of the correlation coefficient,
and a change of the bias value from 2.23 mm to −5.31 mm.
The latter may be attributed to the fact that the bias between
GPS and MM5 is not constant, but depends on the degree of
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moisture: MM5 overestimates the water vapour content for
high moisture values and underestimates it for low moisture
values (see Figs. 1 and 2).
The time series of theVLBI data is too short in order to give
significant results regarding systematic errors of VLBI with
respect to the other methods. But since the VLBI vs. GPS
comparisons obtained with the short data set (cf. Table 2)
agree reasonably well with results reported in Haas et al.
(1999), Gradinarsky et al. (1999), Behrend et al. (1999),
and Gradinarsky et al. (2000), the comparison results may
at least be considered indicative. The VLBI experiment was
run in a period of low moisture during which MM5 tends to
underestimate the ZWDs (see above). When comparing the
VLBI-derived with the MM5-derived ZWD values (Table 2
and Fig. 3) the RMS difference is slightly higher than in
the GPS vs. MM5 case. This holds true also for the bias
values, where the increase is equal to the bias VLBI vs. GPS.
The correlation value of 0.78 is significantly higher than the
GPS vs. MM5 (short time series) one suggesting a better
agreement between VLBI and MM5 than between GPS and
MM5 for this special case. With sufficiently long time series
(e.g. two weeks) correlation values on the order of the GPS
vs. MM5 results may be expected. This is to be verified by
further studies usingmore datamaterial, but the initial results
are promising.
As the HIRLAM-derived ZWDs are available at a sam-
pling rate of 3 hours, the ZWDs are only compared with
the GPS-derived and the MM5-derived ZWDs over the two
weeks of the GPS campaign (cf. Table 2 and Fig. 4). The
correlation values are in the 0.80 . . . 0.85 range. The biases
are somewhat larger than the previous ones with values of
about 10 . . . 12 mm (HIRLAM lower than GPS and MM5)
indicating that HIRLAM underestimates the moisture con-
tent of the troposphere as compared to GPS and MM5. The
RMS difference is around 15 mm corresponding to the error
margin given by the formal errors of each technique. This
corroborates to a certain extent the validity of the precision
values compiled in Table 1.
4. Conclusions
We inter-comparedZWDvalues derived fromGPS,VLBI,
MM5, and HIRLAMdata for the station Robledo de Chavela
(Madrid), Spain. The results agree to the sub-centimetre
level. The correlation values obtained from a time series of
two weeks amount to 0.87 (GPS vs. MM5), 0.81 (GPS vs.
HIRLAM), and 0.84 (MM5vs. HIRLAM); the bias andRMS
difference values fall within the error frames provided by the
internal accuracies of the respective methods. The VLBI
data employed in the comparison cover a time span of 9.5
hours, so that the comparison results should be considered
indicative only. With a correlation value of 0.78 (VLBI vs.
MM5) they, nevertheless, look promising.
The geodetic space techniques (VLBI and GPS) provide
estimates of the ZWD at the 5 mm level, whereas the NWP
models (MM5 and HIRLAM) give ZWD values with an ac-
curacy of about 15 mm. This means that the geodetic space
techniques furnish ZWD estimates superior to the NWP-
derived values by a factor of about 3. Thus, both VLBI
and GPS can be employed to validate NWP models and may
be utilized as additional information source for the models
in a data assimilation context. Due to the favourable spatial
distribution of GPS stations, the low operational costs (as
compared to VLBI) and the near-real-time availability, GPS
constitutes the obvious choice for improving NWP models.
VLBI, on the other hand, lends itself to independent checks
at selected sites.
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